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Abstract

Data from particle detectors on board the satellite 0GO-U4 were used to
study the precipitation of electrons in the energy range 0.7-24 keV. The
latitude dependence of these particles in the local time region from midnight
to dawn has been investigated in detail.

The analysis shows that the precipitation of particles of energies
2.3-24 keV is centered at an invariant latitude of about 68° at midnight with
a clear shift in latitude with increasing local time and this shift is more
pronounced for lower energies. The highest fluxes of particles in this energy
interval are measured at midnight and they decrease rapidly with local time,
In the dawn region the location of the maximum precipitation for different
energies varies about 1° of latitude for each unit of Kp, but the relative
distribution remains almost unchanged. The fact that different energies have
their maxima at different latitudes implies that the flux spectrum of
precipitated particles, when measured at a certain latitude, has a peak at
an energy corresponding to the energy of meximum precipitation at that latitude.

The data in the energy range 2.3-2h keV supports a theory where particles
are injected in the midniéht region from the tail gaining energy due to a
betatron proceés and then drift eastwards in a combined electric and magnetic
field.

The main part of thé electrons at 0.7 keV show a different behavior than
those at higher energies. They seem to undergo an acceleration process which
is rather local, sometimes giving field aligned fluxes which may be super-
imposed on the background precipitation. The structural precipitation of 0.7
keV electrons has been found to coincide on a statistical basis with the region

of structural aurora indicating a relationship between the two phenomena.
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1. Introduction

The understanding of the dynamical behavior of different particle
populations in thé magnetosphere and their relations to ﬁhenomena in the -
polar ionosphere is far from complete. For recent reviews on the subject
.see Hoffman (1972), Hultqvist (1972) and Paulikas (1971). The purpose of
this study is to preseht some additional information on the.morphology of
electron precipitation in the polar regions, particulérly dn_the'dawn side
and to relate this to sources.of particles further out from the earth.

Measurements by 'elerctron detectors on board the polar orbiting satellite
0GO-L have been used in this study; Foui of the detectors were always pointed
radially away from the earth (O°> and messured electrons in energy bands
(about 15%) around 0.7, 2.3, 7.3 and 24 keV. Three others were positioned
30°, 60° and 90° to the earth-spacecraft radius Véctor, and centered at 2.3
kéV. The height’bf the satellite varied between 400-900 km. The sampling
of the 0° detectors ﬁas made similtaneously for all the energies and the
stdrage time was 135 mséc; or shofter; For further details of the experiment
see Hoffman and Evans (1967);.

The analysis has been based on two fypés of raw data, one in which the
full time resolution.of the instrument has Been used and one where the intensity
of each energy channel has been averaged over one'degree of invariant latitude.

The one-degrée data has been used to locate the latitude of the maximum
of precipitatioﬁ for each energy chanhel, and the locus of these maxima has
been studied as a function of local magnetic dipole time (MLT).

The selection of the data has been made as follows. The passes have
been included if the 7.3 keV counting rate was greater than 10 counts per

readout (corresponding to Th countS/sec or more) and there was only one major
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maximum in the latitude range 65-78o invariant latitude at 7.3 keV. This
means that about 35% of the passes have been excluded due‘to low intensity
and 23%lhave been rejected due to their complexity. The features which will
be demonstrated apply to the remaining 42% of the data. The magnetic
activity for the events was usually in the range of 2-3 of Kp. The study
has also been limited to the time interval 2200-1040 MLT.

The counting rate of the 2L keV detector was in general rather low and
the 2.3 keV channel had a relatively high background noise which means that
the accuracy of the 0.7 keV and the 7.3 keV channels was higher than in the
other channels. Therefore the relation between 0.7 and 7.3 keV will be
mostly used in the discussion.

In the next sections of this paper we will describe the locus of
maximum precipitation as a function of invariant latitude and magnetic
local time and its relation to the auroral oval and dependence on magnetic
activity. After this wé\will discuss the average U-point differential
flux spectra as a function of local time and latitude. The locué of the
maximum precipitation is then transformed to the equatorial plape in the
outer magnetosphere. With the assumption that the particles are injected
at midnight and drift eastward, we are able to consider the necessary electric
fields for this morphology. In Section 7 the‘spectra at satellite altitude
will be compared with the spectra measpred by the Vela satellites'in the
tail. Finally we conclude these(descriptions by a discussion of the 0.7 keV
precipitation structure as this energy qhannel shows a structure which is

different from the other channels at all local times.
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2. Location of maximum‘precipitation'as a function of local time and latitude

In this section the the'one-degree invariant latitude avéraged’
data has been used. The location of the maximum for each energy chahnel and
satellite pass has been read from the data together with the local time,.

This is plotted in Figures la-d.

In the midnight region up to 0200 MLT all the energy channels show a
maximm which is located on the average at 67-69° invariant latitude. For
individual passes higher energies have a tendency to be precipitated at
lower latitudes than the lower energy channels.

Later in the morning the spread in latitude of the maximum precipitation
for differeﬁt energies is more pronounced (see Figures la-d). The lines in
the.figures represent a least square fit. For later local times there is
also a trend towards higher latitude. A comparison between the average lines
for the different energies has been made in Figure 2 (the magnetic contours
in the figure will be discussed later). In particular, it has been noted
that in no pass was the maximum of the higher energy channel located at a
higher latitude than‘the lower channel beyond 0h0O MLT. This is demonstrated
in'Figure 3 which shows the maxima when each 7.3 keV maximum has been
normalized to their average location (represenﬁed by the line in the figure)
and a corresponding latitude difference has been added to the location in
latitude of the maxima of the other energies. . The scattering of the points
in Figure 3 is ﬁuch less than in Figure 1 which indicates that a large part
of the scattering in Figure 1 is due to variétion in the magnetic activity
between the events. Looking more carefully on Figure 1 it can be seen that
therévis a fendenéy in all the energy channels for a cosine dependence on

local time; e. g., at 10 MLT the median values are at lower latitudes than
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the average line. This variation of location in latitude with local time
is similar to the location of the equatorward border of the auroral oval.

3. Location of maximum precipitation and the auroral oval

Starkov (1969) has shown that the location of the equatorward boundary of

the auroral oval varied with local time as
L =90 - 18 - 0.9 - 5.1 cos (t - 120)

where I, is the location in invariant latitude Q 1s the magnetic Q-index and

+t is the local magnetic time measured in degrees. With Q = 3 it is found
that the oval boundary is about 2° equatorward of the precipitation maximum
of 7.3 keV at 0400 MLT and crosses the average location of 7.3 keV at 0800 MLT,
indicating that the average energy of the electrons precipitated in the oval
decreases with local time. However, if the maximum of the auroral oval for

Q = 3 as given by Feldstein and Starkov (1967) is compared with the location
of maximum precipitation of Figure 2 it is found that the oval maximnum
coincides with the location of 2.3 keV electrons at both oko0 MLT and 0800 MLT
(the two times shown by the authors). But as the maxima of different energy
channels are very close in latitude at 0400 MLT as seen from Figure 2 (only
0.5 degrees between 2.3 and 7.3 keV) and the location is strongly dependent

on magnetic activity this result may not be significant.

A more striking difference between the oval and the location of pre-
cipitation maxima is that the width of the oval is decreasing with local time
while the locus of the maxima at diffefent energies become more separated with
local time., The width of the precipitation profile (when measured at half
intensity level) of each energy channel when crossing the auroral region is

also increasing with local time. For example, the 7.3 keV profile defined as
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the width in latitudé degrees at half intensit& level was on the average
2.0°, 2.3°, 2,9° and 3.4° for the local time intervals less than 0200 MLT,
0200-0400 MLT, 0400-0600 MLT and greater than 0600 MLT, respectively. But
the profiles measured above a fixed threshold decrease considerably with
local time due to the decrease in the total flux, The 0.7 keV channel is
different from the other energies because the profile is not smooth. Usually
several maxima appear even when one-degree averages in latitude are used
which makes it difficult to measure the width. It will also be shown later
that the shape of the particle spectrum is roughly constant with local time
for energies 2.3 keV and higher. It is known that the energy range of the
particle spectrum causing the main part of the visible aurora around midnight
is rather narrow and centered around 5 keV (see Gustafsson,1970). Therefore,
a suitable decrease in the average energy of the particle spectrum with
local time together with a flux threshold which matches the auroral oval at
midnight will give a precipitation pattern which resembles that of the auroral
oval. The conclusion that the visible aurora on the dayside is caused mainly
by particles of an energy less than 2.3 keV is in accordance with the measure-
ments of the height of the aurora in that area by Starkov (1968). He found
heights varying between 145-175 km. The results above also conform with the
spectral measurements of the aurora by Eather and Mende (1972).

The.dependence of the location of maximum precipitation on magnetic
activity is very pronounced. As was mentioned earlier the scattering of
points in Figure 1 is much larger than that in Figure 3 and this is attributed
mainly to the effects of magnetic activity. A comparison between the location
of the precipitation maximum of 7.3 keV and the level of Kp for the time
interval o4L0-0800 MLT is shown in Figure 4. The Kp classes O and 4 are
averages of less than 10 events and are rather uncertain. The equation of

J 1 3 "
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the line in Figure.h is Olat = -0.95 Kﬁ + 2.6 where Alat is the location
of the 7.3 keV preéipitation relative to the average location line in
Figure lc. The relation shows that the average Kp for the events included
was 3- and that the locus was shifted 0.95° in latitude towards the equator
for each unit of Kp. The reason for choosing the OLL40-0800 MLT interval
was that Kp was most evenly distributed there. However, similar.results
were obtained closer to midnight. A corresponding comparison for the other
energy channels have not shown any significantly different result. More
detailed studies on the dependence on magnetic activity have been made by
Riedler and Borg (1971) and Burch (1972).

These results are in good agreement with the dependence of the auroral
oval on magnetic activity. As mentioned earlier Starkov (1969) has found
a dependence of 0.9° for each unit of Q for the southern border.

L, The distribution of the flux of precipitated electrons as a function
of local magnetic time and latitude

The maximum flux of precipitated electrons for each energy channel and
satellite pass has been averaged over three different intervals of time
2230-0200, 0200-0520 and 0520-0800 MLT. This means that the points in the
spectra are usually from different latitudes for the different energy channels
(it might be considered as an envelope spectrum). The result has been
displayed in Figure 5. 1In the 24, 7.3 and 2.3 keV channels the flux is
decreasing from midnight to dawn but at 0.7 keV the flux at 0520~0800 MLT
is higher than the flux at 0200-0520 MLT. This indicates that there is an
additional source of electrons at local times beyond 0520 MLT for the lowest
energy.

The 0.7 keV channel shows in general very large peaks particularly in

the dawn to noon region when looking at high time resolution recordings.
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Therefore, -it might be expected that excluding the peaks and only
measuring the background would lower the influence.of the daysige source.
The. result of this high time resolution study nes been includedvin j
Figure 5 (called "minimum 0.7 keV level™). However, the relation between
fluxes at different local times still remains approximately the same as ”
before. , The reason seems to be that the peaks at 0.7 keV on the dayside
are so large and frequent that they contribute to the mlnlmum 0. 7 keV
level, If the 0.7 keV flux is measured at the latitude where the 7 3 keV
channel has its maximum, the O.7 flux decreaSes at "all local tlmes llke the
other channels. This will be further discussed later. It may also be noted
that even with the minimum level of 0.7 keV the flux at 0.7 keV is’ at least
a factor of 5 hlgher than the 2.3 keV flux. This- is'of 31gn1flcance when~
fcomparlson with the spectrum in the tail is made’ later.

| The energy Fux spectra may be obtained by converting the flux spectra
Hﬁdescribed above (see.Figure 65. ' The energy flux is almost constant from 2.3
,*£6 7.3 kevlfor;the tnree“lccél;tine intervals but varies a Ffactor 2 to 4
between 0.7 and 2.3 keV., In this case the minimum 0.7 keV level gives an’
{:energy flux Wthh is comparable to the 2.3 keV flux except for the 0520 0800
MLT reglon ' Integrating the energy flux from 0.7 to 24 keV gives 2,70.8 and
0.6 ergs cm 2fééé l l for the tlme 1ntervals 2230-0200, OEOO 0520 and. *
0520 O8OO respectlvely. S o |

A set of spectra of electrons ‘as a function of letltude has” beén °

obtalned by using the whole proflle over the preécipitation region" of a
satelllte passf A typlcal example has been shown in Flgure 7. This
pass which was at 0600 MLT shows clearly the displacement in latitude of flux

maxima for the different energies. The maxima are at 66-67, 69-70 .and 70-T1
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degrees of latitude for 24, 7.3, 2.3 and 0.7 keV respectively. It also shows
that the flux of electrons at 7.3 keV was higher than at 2.3 keV below an
invariant latitude of 68°. TLooking through all the events used in this
study it has been found that the ratio 7.3 to 2.3 keV rarely exceeds three
but is frequently greater than one.

It may be noticed in Figure 7 that below 67.5° latitude the ratio of
0.7 to 7.3 keV fluxes increased towards the equator, a phenomenon which is
observed quite often.

5. Distribution of particles in the equatorial plane deduced from the
precipitation maxima in the ionosphere

It has been shown by DeForest and McIlwain (1971) that electrons in the
energy range considered here are generally injected close to midnight and
then drift eastward in longitude. Their measurements were carried out at
ATS at 6.6 Rg and should be applicable here at least for the higher energies.
This view is supported in this study for the 2.3, 7.3 and 24 keV channels
which show a decrease in flux with local time. As the pitch angle distribu-
tion of the particles drifting in the equatorial plane is not known, it will
be assumed here that they have a pitch angle of 90O and that a pitch angle
diffusion mechaniém causes the precipitation. This assumption is supported
by the fact that the maximum precipitation at 2.3 keV has been found to be
at the same latitude for 0° and 90° angle (relative to the Z=~axis) at all
local times and the width of the precipitation profiles in latitude is not
widening appreciably with local time for any energy channel. According to
the calculations by Roederer (1967), as an example, it might be expected
that particles with a pitch angle of 50° at the equator at midnight
should show a shell splitting of 2° in latitude beyond 1000 MLT. If
these particles were precipitated (with sufficiently strong pitch angle

scattering), they could be detected in the data. This implies that the particles
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have a range of pitch angles which is likely to be centered around 90°
during most of the time while drifting in longitude. The velocity of
electrons drifting from the midnight region with a pitch angle of 90° in
a combined electric field E = -vp and a magnetic field Q_is given by

whefelg is the magnetic moment and q is the charge‘of an electron, The
electrons will drift along a path where fhe total energy W= -‘§‘+ ap
is constant. o |

The contours ofléonstanﬁ magnetic field at the equator as given by.
Fairfield (1968) are projected along the magnetic field lines down to the
altitude of the 0GO-k observations, (using Fairfield's model), where they
are compared with the location of the precipitation maxima. It is found,
as shown in Figure 2, that the maxima of the energies 7.3 and 24 keV follow
lines of constant magnetic contours in the equatorial planevveryvclosely.
Fér'2.3 and 0.7 keV there is some deviation. In'Figure 2 the locus of the
maxima have not been drawn from midnight up to 0L00 MLT because they have to
be measuféd with the accufacy of a fraction of a degree in ordér to make a
comparisdn with the magnetic contours. However, the relative locations of
the maxima of the energy channels (cf., Figure 3) around midnight indicate
that the above statement that the maxima follow constant magnetic contours
from midnight is valid in most cases.

The fact that the 2L keV and 7.3 keV particles are located along constant
magnetic contours shows that these particles are very little influenced by the

electric field or the field has to be perpendicular to the magnetic contours.
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There is also the possibility that the precipitation mechanism determines
the location but that seems less likely as it requires a complicated electric
field pattern and a very energy sensitive precipitation mechanism.

The drift motion of the 0.7 keV electrons is almost completely determined
by the electric field because the magnetic gradient drift corresponds to only
a fraction of a mV/m of electric field which is less than what has been
measured (cf. Heppner, 1972). But even in this case the particles are found
élong approximately consfapt magnetic contours except on the dayside close to
the magnetopause. As‘was mentioned earlier the flux of 0.7 keV electrons
does increase when approaching dayside, which makes it unlikely that these
particles are drifting from the nightside. At least it may not be considered
as the main source. The details of the 0.7 keV precipitation will be farther
discussed in a later section.

6. An estimate of the eleéctric field

Meking the assumption that the particles are injected at geomagnetic
midnight, and that they cause a magnetic bay as observed on the ground, the
delay between the appearance of the bay and the_precipitation of particles
at a certain time in the morning houfs_is then a measure of the drift speed
of the particles. However, it has proved to be difficult to find isolated
bays related to the precipitation. The cases which have been found are displayed
in Figure 8. A bar has been drawn corresponding to the beginning and the end
of the bay. The thickness of the bar is related to the intensity of the 2.3
keV precipitation. A thick bar is thgrefore likely:to correspond to the
center of the bay and hence the center gf‘the_bar gives the most likely delay
time measured after the bay. Particular ca;glhas been made to determine the

end of the bays (as this will correspond to shortest delay or maximum electric
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field). TIn the cases which have been shown the magnetic activity
was less than 20y at all the magnetic stations available ‘from the midnight
region from the end of the bay to the time of the satellite pass. For the .
cases which have been shown an upper 1imitlof the equatorial electric field .
of 0.25 mV/m has been obtained. However, it should be pointed out that

this applies to a few clean magnetic events and may well be larger on the
average. 1t has also been determined from precipitated particles and

therefore dependent on the efficiency of the precipitation mechanism.

Tt has also been found that in all the satellite ?asses Where there 1is
an appreciable enhancement of 7.3 kéV (above the background level) there is
always an increase of 2.3 and 0.7 keV flux., That is not always the case for
ol keV but that may be a threshold effect as the countrate of that detector
is on the average rather low compared with the other channels.” This ihdiéates
an electric field of about 0.4 mV/m as this is approximately what is needed to

get the same drift velocities for 0.7, 2.3 and 7.0 keV electrons.

7. A comparison between particle spectra in the tail and the ionosphere
Evidénce has been given among others by Frank (1962), Pfitzer and Winckler

(1969), Arnoldy and Chan (1969), Chase (1969) and Lezniak and Winckler (1970)
that electrons from the tail are injecfed into the magnetosphere in the midnightA
region. From the data shown here this injection seems to be down to 7-8 Re
around midnight.

_ From Liouville's theorem the density of particles in phase space f is
constant along the particie’s trajectory. The density is related to the

differential flux j (see Nakada et al., 1965) by

£(By0) g § (Bro)
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where m/is the mass, E the energy and o the pitch angle of the electron.
Assuming that the first adiabatic invariant is conserved and considering
only 90° particles E,, where B is the magnetic field strength, is constant.

B .
Equating the density in the tail (1) to the density in the magnetosphere

(2) we get
J (EL) =J (FE)
B E
and with B /E, = B, /B,

Cu.

(By) =3 (B * By/B;)
575

Teking the field in the tail equal to 20y (cf. Fairfield, 1968) and
projecting the measured spectrum of Figure 5 for the midnight region out
to the equatorial plane, the spectrum in the tail has been calculated from
the above formula, The estimated spectrum has been shown in Figure 9
together with some spectra measured by Hones et al, (1971). The similarity
between the estimated and measured spectra in the tail is striking for the
three points corresponding to 2.3, 7.3 and 24 keV in the ionosphere, but
the 0.7 keV point is an order of magnitude téo large when compared with the
disturbed conditions in the tail. It is in fact close to the flux found at
Vela during quiet conditions.

It was mentioned earlier that if the minimum level of 0.7 keV is
considered (cf. Figure 5) the flux is a factor 7 lower but the flux at 0.7
keV would still be higher than at 2.3 keV. This means that the decrease in
the flux which has been found at Vela below 0.5 keV in the tail can not be

estimated from the spectrum at satellite altitude close to the ionosphere.
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Therefore, this rather crude comparison of the spectra in the tail and
the ionosphere suggests that there is some additional mechanism causing the
high flux at 0.7 keV which is observed.

8. The structure of the 0.7 keV precipitation

The precipitation in the 0.7 keV channel has a different structure than
the other energy channels at all local times considered here, 22 - 10 MLT.
In the time sector OﬁOO-lOOO MLT the general pattern of a recording of a
satellite pass over the precipitation region shows a rather smooth equatorward
part in all the four energy channels and a poleward region with peaks of a
few sec, or a few tens of km at 0.7 keV with magnitudes 10 or more times greater
than those in the smooth region. The frequency of occurrence of the 0.7 keV peaks
as a function of local time and invariant latitude has been studied by Hoffman
and Berko (1971). But they have not included the peaks superimposed on the
smooth region around midnight. The 0.7 keV peaks have also been classified
as bursts by Hoffmen and Evans (1968). 1In this time sector the 0.7 keV peaks.
in the smooth region are rarely higher than a factor of two relative to the
smooth background. Ohly in one pass out of ten has such a peak been found.
The transition between the two regions (the smooth and the burst region) is
sometimes only a fraction of a degree inrlatitude. The bursts reach usually
up to 78-80° in invariant latitude and sometimes even higher. Two passes in
this time sector have been shown in Figure 10. Orbit 276 shows & 2.3 keV
precipitation region somewhat wider than average, the shift in
latitude of the different maxima for the different energies, and that the 0.7
keV bursts are larger than in the smooth region even when averaged over 1° in
latitude. The transition region is not very sharp. Orbit 3216 shows a very
pronounced shift in latitude with energy. The width of the smooth region is

rather typical. This pass was at about 0600 MLT and the average of the bursts
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here is less than in the smooth region and the bursts extend only up to
a latitude of 76°. The transition between smooth and burst regions is very
sharp,with the 7.3 and 2.3 keV fluxes changing more than an order of magnitude
in 0.7 sec. A good correlation exists between 0.7 and 7.3 keV precipitatioh
in the bursts when the flux is high enough to give a measureable flux at
7.3 keV. The ratio between the 0.7 and 7.3 keV fluxes is on the average oL
in the smooth region and 920 in the bursts for this time sector.

 In the midnight sector the smooth region is not as evident as later
in the morning, because it shows usually a rather peaked structure. The
situation can be described as 0.7 keV bursts (the peaks are frequently a
féctor'of'lo above the background) superimposed on the smooth region. In
about‘haif'the number of passes a clean burst region can be identified pole-
ward of the main precipitation of 7.3 keV and it geherally covers the
latitudes.67-72°. Two examples of night passes have been shown in Figure 11.
Pass 888 is an example where the 0.7 keV bursts are superimposed on the smooth
region. For example, it can be seen that thé peak at about 69° invariant lat-
itude has a ratio in the excess flux above the smooth background which is about
300 for 0.7 keV/7.3 keV, while the ratio between the backgrounds in the two
energies is 16. This may be compared with the average ratio in the midnight
sector which is 12 in the smooth region and 360 in the 0.7 keV burst region.
The fact that the peaks above the background of the smooth region show the
same ratio of 0.7 keV to 7.3 keV is the reason for stating that the 0.7 keV
bursts are superimposed on the smooth region. Pass 888 also shows that there
is a southern bofder below which there is no burst: e.g., 66.4° in this
case, It may also be pointed out that similar peaks in the precipitation

have been shown to be related to visible auroral forms by Gustafsson

(1970) and that the peaks in these cases are related to spatial
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structures with large east-west extent ;ather than time variations. DPass
2606 is a case where the smooth -and the burst regions are clearly.separated. -

The location of the burst regions varies with local time as shown:'in .
Figure 12 where the burst region has.been defined as the region of 0.7 keV .
bursts poleward of the smooth 7.3 keV precipitation. This means that bursts
can be found much further south in the midnight region.. The line drawn in .
Figure 12 represents an auroral orientation curve by Gustafsson et al.,
(1969). The auroral orientation curves represent the east-west alignment
of auroral arcs - on a statistical basis, It can be seen that ‘the auroral.:
orientation curve crossing the midnight meridian at 68° does not follow any - ,
of the precipitation channels but rather seems to be centered in the region .-
of peaked 0,7 keV precipitation in the local time interval 00-10°MLT.

The amplitude of the 0.7 keV bursts have a significant minimum at .
0200-0400 MLT. The amplitude of the largest peak of 0.7 keV during each .
pass has been plotted in Figure 13, It may be:.noted that the decrease in
‘magnitude of'the 0.7 keV bursts by a factor of 2.3 from midnight to 0Loo- MLT
is similar to the decrease in the other energies over the same time interval,
and that" the. increase in the 0.7 keV channel for later MLT is not reflected.
in the other channels,. The ratio 0.7 to 7.3 keV flux increases with-local .
time;it is 360, 400, 590, 820 and 920 for the local magnetic times 00, 02,
ok, 06 and 08 respectively.

It was mentioned earlier that the flux of 0.7 keV electrons increased
from O4 MLT to 08 MLT even if the "minimum level” of the 0.7 keV. channel was
considered. However, if the flux of 0.7 keV.1s measured at the same latitude
as the 7.3 keV maximum a decrease with local time similar to the other
channels is found even in this local time interval.

To summarize this section the 0.7 keV precipitation can be described as

consisting of three categories. One, which resembles the higher energy
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channels, has a general smooth precipitation maximum over a few degrees
in latitude and the flux decreases with local time: the ratio 0.7 to 7.3
keV flux is less than 15. The second type consists of narrow peaks which
could be either temporal or spatial. There are some indications that at
least those at midnight are spatial. Usually they are located on the pole-
ward side of the 7.3 keV smooth region but may at times be superimposed on
it around midnight. The amplitude of theAbursts decrease with local time
and the ratio 0.7 to 7.3 keV is about 400. Finally the third type consists
of bursts mainly in the 06 - 10 MLT region (here studied up to 10 MLT but has been
found by Hoffman and Berko, 1971, to extend over the entire dayside region),
The flux of the bursts when averaged over one degree in latitude dominates
over the background flux in the smooth region. This means that the one degree
average data mainly reflects the smooth precipitation in the midnight to
06 MLT interval and the burst precipitation later in the morning. The
magnitude of the bursts increases with local time and the ratio 0.7 to 7.3 keV
flux is of the order of 1000. - The location of the bursts is generally
separated and to the poleward side of the smooth 7.3 keV precipitation region.
Passes have been found where there is a smooth region but no bursts beyond
06 MLT but these are rare exceptions.
9. Discussioh

An analysis of the distribution of precipitated electrons in latitude and
local time, has shown that the main part of the fluxeé in the 2.3, 7.3 and
2l keV channels have the same characteristics. They show a relatively smooth
region of precipitation (when looking at a logarithmic record) which is
centered at 68° invariant latitude at midnight and at higher latitudes in the

morning hours. There is also a clear shift in latitude for different energies:
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e.g., at 1000 MLT the energies 24, 7.3 and 2.3 keV are centered at 7L.3°,
72.2° and 73.7° respectively. This shift is difficult to establish in the
midnight_region.but there are indications that the different. energies are
shifted in a similar fashion as for later local times. It has also been
demonstrated>thatgthe relative location of the precipitation maxima in the .
different channelé is unchanged when the magnetic activity changes but the
absolute location varies about one degree in latitude for each value of Kp.

It has been shown by DeForest and McIlwain (1971) at 6.6 R, in the
equatorial plane that the particles in these energies drift from the midnight
region eastward. As this is very close to-the precipitation maximum around
midnight and there is no particular change in the character of the precipitation
in these latitudes it is likely that the particles discussed here belong to
the same category and drift from midnight towards dawn. This is aiso supported
by the fact:that the flux decreases with local time. |

It has also been possible to relate the precipitation in the morning
hours to magnetic bays-around midnight in a few cases. A comparison with the
particle spectrum in the tail has shown that the tail is a likely particle
source for the precipitation. However; it seems to be necessary that the
particles drift most of the time at about 90° pitch angle because no "shell
splitting" has been observed. An electric field with a magnitude of a few
tenths of one mV/m in the equatorial plane, which is directed approximately
perpendicular: to the magnetic contours, is required to explain the obéerva-
tions.  This is consistent with extrapolation of low altitude measurements
(Heppner, 1972).

From rocket experiments it has often been reported that there is a maximum
in the differential number flux spectrum abo?e a few keV. That has been found

to be the general case here for the latitude where 7.4 keV has its maximum.
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The flux at 7.3 keV when compared with 2.3 keV, measured at the same
latitude, is' 2 to 3 times larger. But the 7.3 keV, and 2.3 keV flux each
measured at the latitude where they have their maximum when crossing the
precipitation region shows that 7.3 keV is usually less than the 2.3 keV
flux. In particular, dawn region cases may be found where the precipitation
pfofile is narrow in latitude and well separated from the other energy

"

channels giving an almost monoenergetic "point" spectrum.

The 0.7 keV precipitation has been found to be much more complex than
that of the other channels. There is in general a smooth region at all
local times which shows the same characteristics as the other channels.

The most striking feature of the 0.7 keV channel is that peaks occur
Awhich are one to two orders of magnitude above the background. Often they
are quite isplated, but generally correlated with peaks at 7.3 keV with
flux ratios varying between 350 - 1000. The smooth region often shows a
sharp poleward termination and the 0.7 keV peaks are observed beyona that
termination but in the midnight region the peaks are sometimes superimposed
on the smooth region. The amplitude of the peaks has a minimum at 02-0L4 MLT
which might indicate that the midnight peaks have a different source than
the day peaks. It may also be pointed out that anisotropies at 2.3 keV
electrons reported by Berko (1972) have a maximum occurrence at midnight
and at 70-72° in invariant latitude and decrease towards dawn with very few
cases found on the dayside, while anisotropies at 1.3 keV reported by
Holmgren and Aparicio.(1972) show a second maximum-in the day. This indicates
also that there are two different kinds of particle populations at these

low energies in the latitude range where the 0.7 keV peaks are observed. '

A comparison has been made between the auroral oval and the precipitation

in the 0.7 to 24 keV range. It seems difficult to relate the oval to the
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precipitation because the oval has a large extension around midnight but is
rather narrow on the day side, which is.the opposite to what the.2h, 7.3 and
2.3 keV profiles show (when measured at half intensity level). It is also
known that the main auroral features are caused by electrons of an energy of
about 5 keV on the night side. Gustafsson (197O)Idemonstrated a number of
examples where peaks in the spectra at 6.3 keV were very closely reiated to
the aurora as measured on the ground. It has been found here that the ratio
2.3 to 7.3 keV is relatively constant with local time (when measured at
maximum precipitation) which means that the auroral oval (related to the flux
of electrons above a constant threshold with local time) can be explained by
decreasing the average energy, and the flux of ~5 keV electrons with local
time., If the peaks of O.7rkeV in the midnight sector are considered as
superpositiohs on the smooth region the auroral oval is found to be contained
within the region of peaked 0.7 keV precipitation at all local times. As
mentioned earlier, peaks in the midnight sector are relaﬁed fo auroral arcs.
It is also well known that auroral arcs on the day side have different
characteristics. Up to about 80° invariant latitude, they are east-west
aligned but have a much shorter duration and lower intensity that at night.
Comparing the auroral orientation curves (cf. Gustafsson et’al., 1969) with
the locus of the maximum precipitation, it is found that they deviate strongly
for all the energy chamnels. In fact, they appear'to follow the general
location of the 0.7 keV peak locations as a function of local time. In
Figure 12 it can be seen that the burst region is in general poleward of

740 gt about 10 MLT and the auroral oval by Feldstein and Starkov (1967) is
located at Th-T76 at Q = 3. Qualitatively, therefore, the auroral arcs are

located in the region of peaked precipitation of 0.7 keV at all local times
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from midnight to 10 MLT and the characteristics of the arcs may be
related to the spectral structure of the peaks. The detailed relation
between Qbe peaked precipitation and the extended east-west forms of the
aurora (which is the auroral structure a polar orbiting satellite is most
likely to encounter) has to be studied further to see if the proposed
relation holds for all longitudes. If this 1s the case the suggestion
that the peaks are superimposed on the smooth region implies that the
narrow auroral arcs are produced by a mechanism which is different from

that producing the smooth region precipitation.
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Figure
a-d

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure Captions
The locatlon of maximum preéipitation as a function of magnetic
local time and invariant latitude. The line represehts a least
square fit and the squares are median values overb3 hours.
The average location of the precipitation for all the energy
channels together with the contours of constant magnetic field
projected down from the equatorial plane to the height of the
satellite.
The location 6f maximum precipitation of the energies 24, 2.3 and
0.7 keV relaﬁive to the location of 7.3 keV precipitation. The
line represents the 7.3 keV location.
The variation in latitude of the locus of 7.3 keV precipitation
with magnetic activity index Kp. |
The differential_number flux of electrons as a function of local
time. The minimum 0.7 keV level has been defined in the text.
The energylflux spectrum as a function of local time. The broken
lines refer to the minimum 0.7 keV level.
An example of a satellitg/pass demonstrating that the maximum of
precipitation for different energies is closer to the equator for
higher energies.
The vertical bars show the time delay between the beginning and
end of a magnetic bay at midnight and the satellite pass. The
abscissa shows the magnetic local time when the satellite passed
the makimum precipitation. The width of the bafs is related to

the intensity of the 2.3 keV precipitation.



Figure 9O:

Figure 10:

Figure 11:

a-b

Flgure 12:

Figure 13:
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From the measured spectrum at satellite altitude in the midnight
region a spectrum of the particles in the tail has been estimated.
Four spectra obtained by the Vela satellites have been included
for comparison.

Two examples of particle precipitation during satellite passes

in the dawn region. The examples demonstrate the shift in
latitude for different energies and the peaked poleward precipi-
tation of 0.7 keV.

Examples of particle precipitation during midnight passes. Orbit
888 shows 0.7 keV peaked precipitation superimposed on the 7.3
keV region down to 66.4° invariant latitude, in orbit 2606 the
regions are separated.

The region of peaked 0.7 keV precipitation as a function of magnetic
local time and latitude. The line shows the auroral orientation
curve crossing the midnight meridian at 68° invariant latitude.

In the midnight sector only peaks to the poleward side of the
main 7.3 keV precipitation has been included.

The amplitude of the largest 0.7 keV peak for each satellite pass

as a function of magnetic local time.
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